There is an incentive for dairy farmers to maximize crop production while minimizing costs and environmental impacts. In cold climates, farmers have limited opportunity to balance field activities and manure storage requirements while limiting nutrient losses. A revised DeNitrification DeComposition (DNDC) model for simulating tile drainage was used to investigate fertilizer scenarios when applying dairy slurry or urea on silage corn (Zea mays L.) to examine N losses over a multidecadal horizon at locations in eastern Canada and the US Midwest. Management scenarios included timing (spring, fall, split, and sidedress) and method of application (injected [10 cm], incorporated [5 cm], and broadcast). Reactive N losses (NO 3 − from drainage and runoff, N 2 O, and NH 3 ) were greatest from broadcast, followed by incorporated and then injected applications. Among the fertilizer timing scenarios, fall manure application resulted in the greatest N loss, primarily due to increased N leaching in non-growingseason periods, with 58% more N loss per metric ton of silage than spring application. Split and sidedress mineral fertilizer had the lowest N losses, with average reductions of 9.5 and 4.9%, respectively, relative to a single application. Split application mitigated losses more so than sidedress by reducing the soil pH shift due to urea hydrolysis and NH 3 volatilization during the warmer June period. This assessment helps to distinguish which fertilizer practices are more effective in reducing N loss over a long-term time horizon. Reactive N loss is ranked across 18 fertilizer management practices, which could assist farmers in weighing the tradeoffs between field trafficability, manure storage capacity, and expected N loss.
Abstract
There is an incentive for dairy farmers to maximize crop production while minimizing costs and environmental impacts. In cold climates, farmers have limited opportunity to balance field activities and manure storage requirements while limiting nutrient losses. A revised DeNitrification DeComposition (DNDC) model for simulating tile drainage was used to investigate fertilizer scenarios when applying dairy slurry or urea on silage corn (Zea mays L.) to examine N losses over a multidecadal horizon at locations in eastern Canada and the US Midwest. Management scenarios included timing (spring, fall, split, and sidedress) and method of application (injected [10 cm], incorporated [5 cm], and broadcast). Reactive N losses (NO 3 − from drainage and runoff, N 2 O, and NH 3 ) were greatest from broadcast, followed by incorporated and then injected applications. Among the fertilizer timing scenarios, fall manure application resulted in the greatest N loss, primarily due to increased N leaching in non-growingseason periods, with 58% more N loss per metric ton of silage than spring application. Split and sidedress mineral fertilizer had the lowest N losses, with average reductions of 9.5 and 4.9%, respectively, relative to a single application. Split application mitigated losses more so than sidedress by reducing the soil pH shift due to urea hydrolysis and NH 3 volatilization during the warmer June period. This assessment helps to distinguish which fertilizer practices are more effective in reducing N loss over a long-term time horizon. Reactive N loss is ranked across 18 fertilizer management practices, which could assist farmers in weighing the tradeoffs between field trafficability, manure storage capacity, and expected N loss. D airy farming is one of the largest agricultural sectors within the cooler climatic zones of eastern Canada (AAFC, 2017) and the US Midwest (USDA, 2018) . It is important that opportunities be identified for managing onfarm nutrient cycling in an efficient and cost-effective manner (Holly et al., 2018) . Using base calculations from Sheppard and Bittman (2016) , the total combined N losses from cropping systems in Canada represent ?27% of the value of fertilizer shipped to farms. A much larger cost could be expected in response to environmental damage and harm to human health. To establish beneficial management practices (BMPs), a sound understanding of the impacts on nutrient losses is required. In cold climates, snow dynamics, freeze-thaw actions, and stresses on crops complicate the biophysical processes that need to be considered when accessing nutrient loss. In addition, farmers must manage their field operations with consideration of a shorter growing season along with manure storage implications.
Field studies are critical for assessing impacts of management on reactive N loss; however, they are limited in their ability to simultaneously characterize multiple N loss pathways and longterm impacts of climate variability. Process-based models are well suited for assessing management impacts in cropping systems (Ma et al., 2007; De Jong et al., 2009; Brilli et al., 2017) , since they can dynamically simulate many of the interdependent soil-plant-atmospheric processes over space and time. A wellcalibrated model can be used to simulate the long-term impacts of climate variability and management on N losses from cropping systems (Qi et al., 2011b; Congreves et al., 2016a) .
Although many agricultural models were originally developed to simulate a single output such as crop growth, soil carbon change, water quality, or greenhouse gas emissions, there has been increased effort to enhance models to include a larger scope of agricultural processes (Ma et al., 2007) . Three models are predominantly used in the cooler regions of North America, as they all characterize overwinter snow dynamics and soil freeze-thaw events. The DeNitrification DeComposition model (DNDC; Li et al., 1992) was originally developed to estimate N 2 O emissions, whereas DayCent (Parton et al., 2001 ) focused more on soil C, and the Root Zone Water Quality Model (RZWQM2; Flerchinger et al., 2000; Ma et al., 2012) focused on water quality and crop growth. However all three models have been expanded to simulate all four outcomes.
A Canadian version of the DNDC model was developed to improve the simulation of crop growth, snow dynamics, NH 3 volatilization, impacts of winterkill, and mechanistic tile drainage in cool weather conditions (Kroebel et al., 2011; Smith et al., 2013; Congreves et al., 2016b; Dutta et al., 2016a Dutta et al., , 2016b Dutta et al., , 2018 Jarecki et al., 2018) . The model has been validated for simulating N 2 O emissions (Uzoma et al., 2015; Abalos et al., 2016; Congreves et al., 2016a; He et al., 2018) and NH 3 volatilization (Congreves et al., 2016b; Dutta et al., 2016a) for numerous cool climate locations. It has been applied by Abalos et al. (2016) to examine the effectiveness of various types of 4R fertilizer management (right source, right rate, right time, and right place) toward reducing N 2 O emissions from corn (Zea mays L.) production in eastern Canada. Congreves et al. (2016a) expanded on this concept to examine the impacts of climate variability on reactive N loss in a conventional and best management cropping system at a site in eastern Ontario. There has, however, been limited effort to date in investigating fertilizer management that may reduce overall reactive N loss from cropping systems relevant to dairy production, particularly in considering the resiliency under climate variability. Furthermore, recent model developments now allow for the estimation of N loading to tile drains.
The objectives of this study were (i) to use the revised DNDC model to investigate inorganic and organic fertilizer management practices over a 30-yr time horizon to determine practices that may reduce reactive N loss from corn silage production in cool climatic zones of eastern Canada and the US Midwest, and (ii) to examine tradeoffs and synergies between N loss to tile drains, N loss to runoff, NH 3 volatilization, and N 2 O emissions and recommend beneficial management.
Materials and Methods
Climate and soils data from the experimental sites at Alfred, ON, Woodslee, ON, and Gilmore City, IA, were used to explore the impacts of 18 fertilizer management scenarios with the DNDC model. A general description of the sites is included in the supplemental material (Supplemental Section S1, Supplemental Table S1 ), but note that the corn silage cultivar and farming practices used in our modeling assessment were the same for each site. These were based on management at Alfred, the only site where a field experiment was conducted with corn silage.
DNDCv.CAN Model: Description and Development
The DNDC model is a well-known process-based model (Li et al., 1992 (Li et al., , 2012 for simulating trace gas emissions and C and N cycling in agroecosystems. The model framework is composed of four major components characterizing crop growth, soil temperature and water dynamics, denitrification and nitrification pathways, and decomposition. A core strength of the modeling framework is its ability to characterize a wide array of crop management activities while enforcing a mass balance of nutrient and water budgets. Pertinent N model outputs to this study include daily N losses to tile flow and leaching, runoff, trace gas emissions, and crop N uptake. A brief description of these processes is provided in Supplemental Section S2.
Over the past 7 yr, the Canadian version of DNDC (DNDCv. CAN) was developed, first to include improved crop growth (Kroebel et al., 2011; Smith et al., 2013) including temperature stresses for cultivars grown in Canada (Yan and Hunt., 1999) . More recently, alfalfa (Medicago sativa L.) growth was improved and a winterkill submodel was incorporated (He, unpublished data, 2019) . Additionally, the simulation of evapotranspiration and the impact of snow dynamics, crop biomass, and residue management on soil temperature were improved (Dutta et al., 2018) . In cool climates, more than half of annual N 2 O emissions may be related to freeze-thaw processes (Wagner-Riddle et al., 2017) . The DNDC model previously did not include texturaldependent soil heat transfer and had a very simple approximation of snow insulation. The inclusion of these processes improved the simulation of soil temperature, resulting in an improved model for estimating N 2 O emissions after thaw events (Dutta et al., 2018) . Furthermore, a new NH 3 volatilization submodel was included for manures (Congreves et al., 2016b) and urea using cool climate datasets from Quebec. A model intercomparison demonstrated that DNDCv.CAN performed as well as the computationally intensive RZWQM2 for simulating crop biomass, as well as monthly water flow and N loss to tile drains, but daily simulation of drainage and soil water storage was not as well simulated (Smith et al., 2019) . Given these findings, we developed DNDCv.CAN to include both a heterogeneous and deeper soil profile (2 m), root penetration and density functions, improved water flow, a fluctuating water table, and mechanistic tile drainage (Smith, unpublished data, 2019) . The model version used in this study is available for download at https://github.com/ BrianBGrant/DNDCv.CAN.
Model Calibration and Validation at Experimental Sites
The DNDCv.CAN model has undergone extensive improvement and validation for simulating losses of reactive N from agriculture in cool climates. In this study, we leverage previous developments for simulating N 2 O emissions (Uzoma et al., 2015; He et al., 2018) and NH 3 volatilization (Congreves et al., 2016b; Dutta et al., 2016a) , which remain unchanged in the model. We also summarize the performance of the model for (i) simulating drainage and N loss to drains using the more recently incorporated mechanistic drainage algorithms at Alfred, Woodslee, and Gilmore City (Supplemental Section S3, Supplemental Tables S2 and S3), and (ii) simulating corn silage biomass, corn silage N uptake, N 2 O emissions, and soil NO 3 − at the Alfred site (Supplemental Section S4, Supplemental Table  S4 ). We used the model parameterization from this previous work in our modeling assessment, simulating the same silage cultivar (Supplemental Table S5 ) and management practices across the three locations. The soils and drainage parameterization for the fine-textured soils was used at each respective location. These data were, however, not available for coarser textured soils, and thus we derived appropriate properties and drainage characteristics for a sandy loam and used these across all three locations (Supplemental Table S5 ). The soil hydraulic properties for the sandy loam were determined using the pedotransfer functions in the Soil-Plant-Atmosphere-Water (SPAW) model (Saxton and Willey, 2006) . Since the sandy loam was of higher permeability, we set the tile drain depth to 1.4 m and spacing to 30 m, which is the minimum recommended spacing for this soil type (ASAE, 2015) . Although the inclusion of a sandy loam texture allows us to explore N losses that may occur from a high-permeability soil, the model has not been validated for this soil type, and thus we expect greater uncertainty in results.
Modeling Approach for Simulating Climate Variability and Management Impacts on Nitrogen Losses
The DNDC model was used to explore 18 fertilizer management scenarios (Table 1 ) across 30 yr of climate variability at the three locations for their impacts and tradeoffs on N 2 O emissions, NH 3 volatilization, N leaching, and runoff. To represent a cropping system used by dairy farmers, we simulated a 5-yr alfalfaalfalfa-alfalfa-corn silage-corn silage rotation, repeating three times over 15 yr. Climate data were interchanged according to the flowchart (Fig. 1) . A 16th year was simulated to assess N loss from spring-to-spring fertilizer application.
To assess climate variability, a 30-yr climate normal was constructed from a combination of onsite multienvironment trial data collected at each location and climate data obtained from the Nasa Prediction of Worldwide Energy Resources (POWER) Project datasets (https://power.larc.nasa. gov/). It is important to emphasize that each one of the climate years from the 30-yr climate normal was simulated independently for each fertilizer management to quantify each year of climate variability. This was coupled with a standardized 13-yr spin-up simulation to stabilize C, N, and water cycling that remained consistent across all fertilizer management scenarios.
The fertilizer scenarios consisted of three methods of application (surface broadcast, broadcast and incorporated to 5 cm, and injected to 10 cm). For each method of application, the following fertilizer scenario was used: spring mineral fertilizer (urea), spring mineral sidedress (urea), spring mineral split (urea), spring organic (manure-slurry), spring split organic (manure-slurry), and fall organic (manure-slurry) ( Table 1 ). The fertilizer rate on corn silage was set to 100 kg N ha −1 for the first year after alfalfa and 140 kg N ha −1 (the rate used at the local Alfred site) for the second year. In the broadcast scenarios, an additional 40 kg N ha −1 was applied to account for greater NH 3 losses and ensure that production levels remained reasonably consistent across treatments (Drury et al., 2017) . The dairy manure slurry composition was based on the slurry applied at Alfred (Schwager et al., 2016) . In this study, we simulated soils that are well drained, increasing the chance of field trafficability, limiting excess crop water stress, and allowing for more consistent planting dates. For all simulations, the silage corn planting date was set to 10 May, the spring and preplant fertilizer was applied on 10 May, the sidedress and split on 8 June, and tillage events were 9 May (disk plow) and 30 October (moldboard plow). Fall manure was applied on 1 November.
The DNDC model inputs were constructed using R statistical software (R Core Team, 2013) to build the 3240 iterative permutations of climate and management and soil type. The N losses associated with each fertilizer practice were computed over a single annum, from spring to spring or fall to fall, depending on how the management was applied.
Statistical Analysis
Statistical analysis was conducted using one-way ANOVA in the SPSS 20.0 package (IBM Corporation, 2011). Duncan's test at the 0.05 level (p < 0.05) was used to determine whether there are any statistically significant differences between treatments within the same soil texture.
Results and Discussion
The revised DNDC model, which includes the capacity to simulate mechanistic tile drainage, was successfully calibrated and validated using hydrology and N loss data from Alfred, Woodslee, and Gilmore City. The validation, as described in the supplemental material (Supplemental Section S3, Supplemental Tables S2 and S3), demonstrates that the model can accurately simulate drainage and N loading to tiles, which expands the model's ability to assess multiple interactions and tradeoffs in reactive N losses. Our study is the first time the newly revised and validated model was used to examine multiple N loss pathways across multiple sites, and the premise of this validation work was conceived in part to facilitate this study. The model also performed well in simulating crop corn silage biomass, crop N uptake for corn silage, soil N, and N 2 O emissions at the Alfred location (Supplemental Section S4, Supplemental Table S4 ).
Differences in Climate between Locations
The Alfred site has a considerably cooler climate than Woodslee or Iowa, lower wind speed, higher relative humidity (Supplemental Fig. S1 and S2), and thus lower evaporative losses. The annual average temperature at Woodslee is warmer than at the Gilmore City site in Iowa, with a similar growing season temperature but a warmer winter. As a consequence, winter snow cover is much greater at Alfred, followed by Gilmore City and then Woodslee. This influences both runoff and drainage volumes, with, for instance, a larger amount of runoff occurring during spring snowmelt at Alfred. This helps emphasize the need for a model to be able to accurately characterize snow dynamics and soil freeze-thaw. Annual precipitation is greater at Alfred (1021 mm), and the overall annual magnitude is similar between Woodslee (816 mm) and Gilmore City (821 mm), but the seasonal trend is noticeably different (Supplemental Fig. S1 ).
The Woodslee site has more overwinter precipitation and less growing season precipitation, which results in more runoff at Woodslee, further supported by observations at Woodslee (Drury et al., 2014b) and water-balance simulations at Gilmore City (Qi et al., 2011b) . In the DNDC model, N losses to runoff, drainage, and N 2 O emissions are strongly affected by precipitation, which is the most variable weather driver at all three locations (Supplemental Fig. S2 ).
Understanding the Impacts of Climate Variability and Fertilizer Management on Nitrogen Losses from Cropping Systems
Variability in weather from year to year can make it difficult to determine the overall impact of management on N losses using field studies conducted over a short time horizon. In their assessment of combined BMPs for reducing N losses, Congreves et al. (2016a) found that management was more important than climate; however, climate variability can certainly be the more important factor, depending on which management is considered. In our study, we simulated the impacts of climate variability over 30 yr for 18 management scenarios across two soil types and at three locations. Our methodology allows for the direct assessment of climate impacts, since the cropping history was kept constant for each simulation.
Results were often highly variable across climates, as is demonstrated in Fig. 2 and Supplemental Fig. S3 and S4 . The results demonstrate the simulated variability associated with each site for harvestable silage biomass, N leaching to tiles, N 2 O emissions, NH 3 volatilization, and N loss to runoff, for eight selected fertilizer managements. At Woodslee (Fig. 2) , biomass, N leaching, and N 2 O emissions were generally highly variable across climates for both the clay loam and sandy loam. Ammonia emissions were higher for the broadcast treatments, and N runoff was notably higher only under fall-applied manure, but again these were highly variable across the 30-yr climate. This is to be expected, considering environmental drivers are known to have a strong impact on each of these outcomes Holly et al., 2018) . Across the three locations, we saw some common trends. For instance, N leaching, N runoff, and N 2 O emissions were higher and NH 3 volatilization was lower under fall-applied manure than under spring-applied manure. This is consistent with observations at Alfred (Schwager et al., 2016; Supplemental Section S5) . Broadcast fertilizer resulted in greater overall N losses. Biomass was ?23% lower in the sandy loam across the three locations due to both increased water and N stress. This was particularly true for Gilmore City and Woodslee, which showed more crop water stress, more so at Woodslee, which experiences more off-season runoff and has less growing season rainfall than Gilmore City (Supplemental Fig. S1 ). Across the clay soils, the highest average and most variable N leaching occurred at Gilmore City. This high variability was consistent with site measurements, where N loss to tiles under injected mineral fertilizer varied from 12.8 to 60.2 kg N ha −1 yr −1 across 5 yr of measurements from corn (Qi et al., 2011a (Qi et al., , 2011b Smith et al., 2019) . Our results from the 30-yr simulations produced a range of 5.6 to 47.3 kg N ha −1 yr −1 under injected spring mineral fertilization on corn silage, but 20 kg N ha −1 less fertilizer was applied in our study. The highest average N 2 O emissions were simulated for the Woodslee clay loam versus the other sites, due to higher temperatures than at Alfred and lower soil permeability than at Gilmore City. Drury et al. (2014a) measured 7.36 kg N 2 O-N ha −1 yr −1 from fertilized corn at Woodlsee, and this is consistent with our average results for corn silage. As reported in many studies, these emissions are highly variable, as they are strongly affected by interannual variability of weather drivers (Smith et al., 2004; Uzoma et al., 2015) and are usually higher from finer textured soils (Rochette et al., 2018) .
Due to high variability, it becomes difficult to discern differences among many fertilizer treatments, but these differences will be clarified using numerical and statistical methods in the sections below. Our results suggest that climate variability impacts may, in some cases, be greater than fertilizer management impacts, and thus it could be challenging to discern differences when analyzing only a few years of experimental measurements. Certainly, though, experimental studies are essential for discerning shorter term impacts of weather events on processes that influence reactive N losses and tradeoffs. This will lead to having better characterized processes and algorithms, which are crucial for developing improved models.
Management Impacts That Are Commonly Studied Experimentally

Fall-versus Spring-Applied Organic Fertilizer
To further demonstrate the variability that can occur across 30 yr of climate, an example model output that highlights the differences over the time series in simulated N 2 O emissions, NO 3 − leaching, and NH 3 volatilization between spring-and fall-applied manure slurry is shown in Fig. 3 . For this example, using a clay soil at Alfred, the DNDC model predicted greater average N 2 O emissions, N leaching, and N runoff but less NH 3 volatilization in the fall than in the spring. This result was consistent across locations (Supplemental Fig. S5 ). The greater N 2 O emissions from fall-applied manure were primarily caused by more substrates (i.e., soil N and dissolved organic C [DOC]) being available during the off-season freeze-thaw period, which enhances denitrification in DNDC. This is consistent with observations for the raw manure at Alfred (Schwager et al., 2016). Thorman et al. (2008) found greater N 2 O emissions when slurry was applied in late fall or winter than when applied in the spring. Non-growing-season periods, when plant N uptake does not occur, are often favorable for denitrification (Rochette et al., 2004; Wagner-Riddle et al., 2008) . Greater N leaching and runoff losses are generally expected from fall-applied organic or inorganic fertilizer when soil moisture is high and due to losses during snow melt and freeze-thaw dynamics (Di et al., 1999; Randall et al., 2003; van Es et al., 2006; Thorman et al., 2008; Schwager, 2015; Drury et al., 2016; Schwager et al., 2016; Gamble et al., 2018) . Ammonia volatilization is lower simply due to lower average temperatures in the fall. For injected (Fig. 3a) and incorporated (Fig. 3b) scenarios, average N 2 O emissions are less under spring-than under fall-applied slurry, but in certain years, more emissions occur under spring application depending on weather conditions. For instance, rainfall was exceptionally low in the 4-wk period after slurry application in fall 1993 (66% of normal), resulting in lower than average N 2 O emissions, whereas an average level of rainfall in 1993 after spring slurry application resulted in a moderate level of emissions. Nitrogen loss due to leaching was generally higher for fall-applied manure than for spring-applied manure, but this was not always the case. This demonstrates the importance of taking measurements over a long timeframe or using well-validated models to extrapolate across climate variability.
To describe the simulated changes in N loss for selected changes in management, six tables are presented, one for each site and soil type (Table 2, Supplemental Tables S6-S10) . Management impacts, which are commonly studied experimentally, are presented. As shown in Table 2 Tables S8 and S9 ), but not at Alfred (Supplemental Tables S6 and S7) , where reactive N loss was reduced for all three methods of slurry application. At the warmer Gilmour City and Woodslee sites, NH 3 volatilization was greater than at Alfred, and the benefit of reducing N leaching, runoff, and N 2 O emissions in broadcast spring organic fertilization was offset by the greater NH 3 losses.
To further quantify differences among management practices, additional tables are provided that show the significant difference among management practices at each location (Supplemental Tables S11-S13). Average N leaching, N runoff, N 2 O emission, NH 3 volatilization, dry silage yield, and reactive N are also provided across the 30 yr of climate variability. Regarding fall versus spring organic fertilization, N leaching was found to be the only reactive N component that was significantly different across all sites and soil textures. Nitrous oxide was significantly different across all application methods and soils at Gilmore City and under the sandy loam at Alfred. Ammonia was always significantly different for broadcast fertilizer application across all sites and soil textures, and also for injected and incorporated sandy loam at Gilmore City and incorporated sandy loam at Woodslee.
Organic versus Mineral Fertilizer
The overall impact of changing from organic to mineral fertilizer was found to differ across sites, soils, and application method. At Alfred, predicted total reactive N loss generally increased when changing management from spring organic to spring mineral fertilization in the clay soil, but the difference was small (Supplemental Table S6 ). On the other hand, reactive N loss decreased when changing from spring organic to spring mineral fertilization in the sandy loam, with less N leaching and lower NH 3 emissions from spring mineral fertilization, particularly under broadcast (Supplemental Table S7 ). A sandy soil is more aerated, and DNDC simulates greater rates of decomposition of manure, resulting in more NH 4 + formation with higher potential for NH 3 volatilization. A similar yet more pronounced result was seen at Woodslee (Supplemental Tables S8 and S9) and Gilmore City (Table 2, Supplemental Table S10 ). At the Gilmore City location, NH 3 volatilization from the sandy loam was significantly greater from organic than from mineral fertilizer in four out of six cases (Supplemental Table S13 ). Average N 2 O emissions were greater from organic amendments across all locations and soil types, with significant differences for a few practices at each location (Supplemental Tables S11-S13), which is consistent with some experimental studies (Kramer et al., 2006; Schwager et al., 2016) . In the DNDC model, denitrification is driven by availability of both soil N and DOC, and DOC is higher under manure application after mineralization of organic matter. Note, however, that across the 30 yr, DNDC sometimes predicts more N 2 O from mineral than organic fertilizer, depending on yearly weather patterns. Interestingly, N leaching or runoff was never found to be significantly different between organic and mineral fertilizer. Varying results have been found from experimental studies where, for example, Svoboda et al. (2013) found higher N leaching losses from mineral than organic fertilizer, whereas Kramer et al. (2006) found greater N leaching for organic applications, likely due to enhanced denitrification from higher C inputs. 
Spring Mineral versus Sidedress Mineral
Research has found that sidedress mineral fertilization can improve crop N uptake and yields in comparison with spring application; however, this may only occur if the crop is under N stress (Zebarth et al., 2001) . With sidedress mineral fertilization, N application timing corresponds better with crop N demand, being at about the sixth-leaf stage for corn silage. Overall, model simulations indicate that sidedress mineral fertilization reduced N loss and slightly increased biomass. In situations where crop N stress was high, such as at Gilmore City (Table 2, Supplemental  Table S10 ), the difference in silage yield response was more pronounced (?3% greater). The greater crop N stress at Gilmore City was due to greater NH 3 volatilization losses as a result of higher temperatures than at Alfred and higher soil water availability during the growing season (Supplemental Fig. S1 ) than at Woodslee, both of which are drivers that increase volatilization in DNDC .
Spring Mineral versus Split Mineral
Interestingly, split mineral fertilization reduced N loss more than sidedress mineral fertilization (Table 2, Supplemental Table S6 -S10). This was primarily because NH 3 emissions at the sixth leaf stage application were usually lower than under sidedress mineral fertilization. Urea hydrolysis increases OH − concentration in the soil, enhancing NH 3 volatilization . In the case of sidedress mineral fertilization, relative to split mineral fertilization, more urea is applied in the warmer portion of the year. This alone enhances NH 3 loss, but also the soil pH shift is larger due to more urea undergoing hydrolysis at this higher temperature. As an average across sites, split fertilizer reduced reactive N per metric ton of dry silage by 6.4, 8.8, and 12.0% in the sandy loam for injected, incorporated, and broadcast applications, respectively, whereas it was reduced by 1.9, 6.0 and 21.5% in the clay loam. At all locations and in all soils, except for the Alfred clay, silage yields were marginally higher for split mineral fertilization than under spring mineral fertilization (Supplemental Tables S11-S13). Average yield over 30 yr was, in fact, 8.9% higher for split mineral fertilization for the sandy loam broadcast treatment at Gilmore City; however, this was still not significant at the 0.05 level.
Spring Organic versus Split Organic
For all locations and soil textures, split organic fertilization reduced N leaching under the injected and incorporated treatments but increased N leaching when broadcast (Table 2,  Supplemental Tables S6-S10 ). In the model, this is caused by a higher rate of decomposition, and nitrification near the soil surface for broadcast manure at higher temperatures, resulting in more N available for leaching. Because of increased decomposition rates of the manure applied at sixth-leaf stage, split organic fertilization usually produced greater N 2 O and NH 3 volatilization than spring organic fertilization. This resulted in a tradeoff in losses between N leaching and N 2 O or NH 3 when fertilizer was injected or incorporated.
Application Method
We examined the differences in reactive N losses between injected, incorporated, and broadcast application methods for spring-applied urea across all sites and soils, and the outcome was clear (Table 2, Supplemental Tables S6-S10 ). In at least 28 of 30 yr, more reactive N loss occurred under incorporated than under injected application. When comparing broadcast with injected or incorporated applications, more losses occurred in all 30 yr for broadcast treatments.
Comparative Analysis of Simulated Reactive Nitrogen Losses between Locations and Soil Types
Reactive N as a sum of N leaching, N runoff, N 2 O-N and NH 3 -N is analyzed per metric ton of dry harvested silage in Fig. 4 . Although this summation may undervalue the importance of specific reactive N components (i.e., N 2 O, which has a large global warming capacity), it provides a good metric of the overall performance of the system to retain N, which is of economic consequence to farmers. This figure provides an aggregated synopsis of the outcomes of the study. There are several clear trends demonstrated that align with results from experimental studies. There is more reactive N loss from the coarser textured sandy loam, more N losses occur for broadcast, followed by incorporated, in comparison with injected fertilizer application, and a little more overall average N loss occurs from organic than mineral fertilizer. The sandy loam soil texture resulted in 2.6, 1.8, and 3.0 times more reactive N loss per metric ton of silage biomass than the finer textured soils at Alfred, Woodslee, and Gilmore City, respectively. Silage biomass was reduced, on average, by 18, 35, and 16% for the sandy loam soils in comparison with clay soils at Alfred, Woodslee, and Gilmour City, respectively (Supplemental Tables S11-S13). This was due to increased crop water and N stress for the sandy loam soils relative to the clay soils. Although annual precipitation was similar between Woodslee and Gilmour City sites, more crop water stress was predicted to occur under the sandy loam soil at Woodslee due to less precipitation during the growing season (Supplemental Fig. S1 ) and greater runoff in the non-growing season. Overall, the sandy loam soils showed more consistency in the ranking of fertilizer managements across sites than the claytextured soils. This is because coarser textured soils are more susceptible to N loss and related crop N stress, and thus management that is beneficial for reducing N loss has more influence.
Regarding the timing of fertilizer application, sidedress and split application are recommended for reducing reactive N loss, and fall application should be avoided. On average across the sites, fall-applied manure in comparison with spring-applied manure increased reactive N loss per metric ton of silage by 109, 109, and 27% for injected, incorporated, and broadcast application, respectively, on sandy loam soils. Likewise reactive N per metric ton of silage for fall-applied manure in comparison with spring-applied manure was increased by 43, 44, and 14%, for injected, incorporated, and broadcast application on clay soils. Silage biomass was not significantly affected by the increased N losses during the fall in the clay soils; however, biomass under fall organic relative to spring organic in the sandy loam soils was reduced by 26 and 29% for the Alfred and Woodslee sites, respectively (Supplemental Tables S11 and S12). Interestingly, there was no change in simulated biomass after fall manure application at Gilmour City, but it has been suggested that N mineralization is high at this site at ?140.4 kg N ha −1 yr −1 for a corn-soybean [Glycine max (L.) Merr.] rotation (Qi et al., 2011b ). The DNDC model simulated, on average, 79, 114, and 139 kg N ha −1 yr −1 of mineralization at Alfred, Woodslee, and Gilmour City, respectively.
Conclusions
In this study, a well-tested DNDC model version, with recently integrated mechanistic tile drainage, was used to investigate the impacts of N loss from nine organic and nine inorganic fertilizer management practices across three locations and 30 yr of climate variability. Similar impacts of fertilizer management were often determined between locations and these were highly variable across climate but usually agreed with observations. Reactive N losses were much greater from coarser than the finer textured soils, and in many cases, climate variability had more influence on reactive N loss than changes in fertilizer management. There was much greater reactive N loss from fall-applied than from spring-applied manure slurry, and the most beneficial managements were shown to be injected split and sidedress mineral fertilizer. Several on-farm management decisions come into play when considering fertilizer application method. These can include fertilizer source and type of equipment available for application, manure storage considerations, and on-farm time management between multiple tasks. The results presented in this study can be used to guide producers in planning fertilizer management in an effort to reduce N loss and minimize the environmental footprint.
Supplemental Material
Included in supplemental material are descriptions of the experimental sites (Supplemental Section S1), description of N loss processes in Canada DNDC (Supplemental Section S2), a summary of model performance for simulating drainage and N loading to tiles (Supplemental Section S3), a summary of model validation for simulating corn silage biomass, soil N, and N 2 O emissions at the Alfred location (Supplemental Section S4), and a comparison of simulated 30-yr average model outcomes to measurements at Alfred (Supplemental Section S5). Also included are tables of soil characteristics (Supplemental Table S1 ), performance statistics for simulating water flow and N loss to tiles at the three locations (Supplemental Tables S2 and S3), performance statistics for simulating corn silage biomass and N 2 O emissions at Alfred (Supplemental Table S4 ), model parameterization (Supplemental Table S5 ), tables showing differences in reactive N losses between management practices (Supplemental Tables S6-S10), and tables showing average predicted reactive N loss over 30 yr (Supplemental Tables S11-S13). The figures provided show average weather at the three locations (Supplemental Fig. S1 ), boxplots of climate variables over 30 years (Supplemental Fig. S2 ), boxplots showing impacts of selected fertilizer management across 30 yr at Alfred and Gilmour City (Supplemental Fig. S3-S4) , and average simulated reactive N loss for fall and spring applied manure slurry at the three locations (Supplemental Fig. S5 ). 
